Mendelian randomisation is a technique which, fuelled by the results of GWA studies, can be used to determine causal relationships between intermediate phenotypes such as metabolite levels and outcomes such as cardiovascular disease (Evans and Davey Smith 2015) . Much faster and cheaper than randomised controlled trials, and relatively free from the biases of observational studies, it has the potential to identify new drug targets and reduce attrition rates in the pharmaceutical development pipeline.
OBSERVATIONAL EPIDEMIOLOGY
The field of observational epidemiology is to thank for the discovery of the links between many environmental exposures and disease including: smoking, ionising radiation, benzene, asbestos, diethylstilbestrol, and thalidomide (Trichopoulos 1995) . However these were likely the low hanging fruit of large effect sizes and more recent studies have often produced false positives. There are also a number of methodological biases in observational studies which have recently somewhat undermined the credibility of the field (Taubes 1995) .
Firstly correlation, which is all that observational epidemiological studies record, does not imply causation. For example confounding, or omitted-variable bias, occurs when an external variable affects both the exposure and outcome. Additionally the outcome may affect the exposure (reverse causation) (Smith and Ebrahim 2003) .
Many of the measurements of exposures are also liable to large errors and bias-especially from retrospective questionnaires. Additionally publication bias, in which negative results are not published, results in a skewed perception of potential risks. Collision bias, although avoidable, is another potential problem whereby conditioning on a common effect can induce associations where there are none (Cole et al. 2010 ). Associations which were proposed but then found to be non-causal include: vitamin E supplementation and coronary heart disease, beta carotene and lung cancer, hormone replacement therapy and cardiovascular disease, high HDL cholesterol (HDL-C) and cardiovascular disease, and electromagnetic radiation and leukemia (Evans and Davey Smith 2015) .
Randomised closed trials (RCT), although they do not have the problem of confounders or reverse causation, can be prohibitively expensive, slow, unethical, and impractical.
MENDELIAN RANDOMISATION
Mendelian randomisation (MR) is a technique which provides a middle ground and in theory is able to provide evidence of causal associations between exposures and outcomes (Smith and Ebrahim 2003 (Voight et al. 2012 ). These genetic variants will be randomised by Mendel's second law in the same way a treatment is in a RCT. Hence any confounding variables should occur at equal frequency in both the group with and without the variant (i.e. there should be no difference between the groups apart from the instrumental genetic variant and its effects) and so like RCTs there should be no omitted variable bias. Furthermore as the genetic variant is (usually) fixed at conception, reverse causation can not occur (an exception being in cancers) (Evans and Davey Smith 2015) .
This approach was first widely used in econometrics where it is called instrumental variable analysis and the formalisation is shown in figure 1 as a directed acyclic graph. IV represents the instrumental variable (the genetic variant in MR), E the exposure (such as lipid levels), Y the outcome (such as cardiovascular disease), and U the confounders (such as smoking) (Didelez and Sheehan 2007) .
Figure 1: Instrumental variable analysis
For the MR approach to work the IV must act by directly changing the exposure only, and not directly on the outcome or any other variables (U). This is represented with the red lines in figure 1.
The MR approach was first suggested by Katan in 1986 (Katan 2004 ) (a suggestion which was not taken up) but MR studies have only recently become more popular (figure 2). Katan described how the various Apolipoprotein E isoforms could be used as instrumental variables to probe the association of serum cholesterol levels with cancer risk. This is because the function of Apo E is to remove cholesterol from the serum and each isoform differs in its ability to do so. 
ESTIMATING CAUSAL EFFECT SIZE
A test of causality between an exposure on an outcome can be performed by testing the regression coefficient of the outcome on the instrumental variable (βY|IV) against the null hypothesis that this value is zero. To estimate the size of the causal effect this coefficient can simply be divided by the regression coefficient of the exposure on the instrumental variable (βE|IV).
Or equivalently:
This is called the ratio method or the Wald estimator. For multiple IVs a different method must be used called two stage least squares (2SLS). In the first stage the exposure is regressed on the IVs and in the second stage the fitted exposure values are regressed on the outcome. This model simplifies to the Wald method in the case of a single IV. For maximum likelihood estimates other methods, for example using a Bayesian framework, must be used (Burgess, Small, and Thompson 2015) .
VARIANTS OF MENDELIAN RANDOMISATION
The estimate of βE|IV and βY|IV need not be calculated using data from the same sample. This is useful as the genetic variant to disease associations are often ascertained in case-control cohorts whereas the genetic variant to exposure associations are often ascertained in population cohort studies. Hence this approach, called "two sample MR" enables the use of the large samples which have already been collected (Pierce and Burgess 2013; .
CAVEATS OF MENDELIAN RANDOMISATION
Although MR studies have enormous potential to alleviate some of the problems which have plagued observational epidemiology studies, with much fewer downsides than RCTs, there are also significant problems with MR studies which one should keep in mind when assessing the strength of the evidence from these studies (Pickrell 2015) .
LOW POWER
Genetic variants typically only explain a small fraction of the population variance in a phenotype. Hence any difference in outcome due to that variant is also likely to be small and so a very large sample size will be required to be able to detect a statistically significant effect -typically tens of thousands of individuals (Pierce and Burgess 2013) . Fortunately the GWAS community has already genotyped and phenotyped many hundreds of thousands of individuals as part of various projects and the two sample MR approach enables the use of data from these projects . The size of causal estimates can even be determined by using only summary statistics, although to be able to test the core assumptions of the MR method individual level information is required. Additionally if there are multiple genetic variants known which affect the same exposure they can be combined in order to increase power (S. .
Furthermore, as the genetic variant is present from conception it causes a change in the exposure over a much longer time than in a RCT or drug treatment, which is often not prescribed until older age once a disease has manifested. Hence the genetic variants do not typically require to have as large an effect as drugs, although this results in the requirement to extrapolate effect sizes, in order to predict the effect sizes of drugs a priori (Burgess et al. 2012 ).
PLEIOTROPY
One of the largest problems in MR studies is the assumption that the genetic variants being used as instrumental variables only directly affect the exposure variable. If the variant affects more than one phenotype directly (i.e. has pleiotropic effects) then one of the core assumptions of MR is invalidated and hence so too are the strongest interpretation of the results (Davey Smith and Hemani 2014) . Note that any effects in variables which result from a change in the exposure variable (vertical pleiotropy) do not invalidate the assumption. Proteins are known to work in highly interconnected networks with some proteins functioning as part of large complexes and so variants may be likely to affect multiple phenotypes (Solovieff et al. 2013 ).
However, it has been suggested that Egger regression can be used obtain an unbiased estimate of both the causal effect size and the systematic bias due to pleiotropy. In Egger regression the bias due to pleiotropy is modelled as is small study bias in meta-analyses and the pleiotropy is estimated by the intercept of the regression line (Bowden, Davey Smith, and Burgess 2015) . Furthermore using multiple instrumental variables, as well as increasing power, also reduces possible bias due to pleiotropy as it is unlikely that they all have pleiotropic effects in the same direction .
CANNELISATION AND INTERVENTION
Cannelisation is the processes whereby during development an organism can counteract the presence of a genetic variant to produce a invariant phenotype. For example inhibition of myoglobin in mice disrupts myocardium function suggesting that deleterious genetic variants could do the same. However myoglobin knockout mice have apparently normal myocardium function, suggesting a compensatory mechanism is present during development (Garry et al. 1998) .
Another similar processes is human intervention. For example if a genetic variant causes higher LDL cholesterol (LDL-C) levels, people carrying this variant are more likely to be prescribed statins, which lower LDL levels (Cohen, Stender, and Hobbs 2014) . Hence although MR can help to remove many confounding variables, some may still be present.
POPULATION STRATIFICATION
Like GWAS studies, if the genetic variants being used as instrumental variables vary in frequency between populations then this could bias the investigation and produce false positives (Burgess et al. 2012) . Currently in MR studies this is dealt with by using single populations.
LINKAGE DISEQUILIBRIUM
An exception to Mendel's second law of independent assortment is linkage disequilibrium. Variants which are close together (on the order of approximately 10kbp) are more likely to be inherited together due to the lower frequency of recombination between them (Lawlor et al. 2007 ). This means that other trait-influencing genetic associations have the potential to confound MR studies, perhaps especially as associated SNPs often cluster together.
LACK OF SUITABLE GENETIC VARIANTS
Given these restrictions on the genetic variants suitable for use as instrumental variables it may sometimes be hard or even impossible to find a valid instrumental variable. However with recent growth in the number of trait-associated SNPs (figure 3) this has become much easier (Ebrahim and Davey Smith 2008; Sleiman and Grant 2010) . Furthermore it may sometimes be non-obvious at first where to look for variants. For example, say you wanted to test whether organophosphates, which are found in insecticides and herbicides, cause cancer. It is not obvious that there would be any genetic variants which would predispose someone to organophosphate exposure. However there are proteins (for example paraoxonase) which are involved in the metabolism of these compounds, and hence there are genetic variants related to these proteins which could alter the effective exposure by altering the half-life of the compounds within the body (Cherry et al. 2002) . Another example concerns nutritional studies, where a number of variants exist which correlate with food intake, for example variants in alcohol dehydrogenase, lactase, and Taste receptor 2 member 38 are highly associated with alcohol, dairy, and bitter food intake respectively (Holmes et al. 2014; Honkanen et al. 1997 ).
APPLICATIONS IN DRUG DEVELOPMENT
As well as providing information as to which environmental exposures should be avoided in order to protect our health, MR has the potential to help reduce the attrition rate of drug development and alleviate the productivity crisis in the pharmaceutical industry (Mokry et al. 2014 ).
PREDICTING EFFICACY
Many drugs which undergo development fail at the final stages of clinical trials due to lack of efficacy (Cook et al. 2014; Paul et al. 2010) . MR is a fast and relatively cheap method which could be used to supplement the evidence used to decide whether or not large investments should be made in taking a candidate drug through clinical trials.
For example observational epidemiology and molecular biology had suggested that higher serum HDL-C levels were protective of cardiovascular disease and that inhibiting cholesterylester transfer protein could increase HDL-C. However, such inhibitors have so far failed to pass phase III clinical trials. For example Pfizer's Torcetrapib, although succeeded in raising HDL-C levels by almost 75%, also resulted in a 25% increase in cardiovascular disease. Dalcetrapib (Hoffmann-La Roche), and Evacetrapib (Eli Lilly) have followed similar fates (Rader and Degoma 2014; Mullard 2015a) . Despite this Anacetrapib (Merck) is also starting phase III clinical trials. These failures represent billions of dollars of investment which could have potentially been more effectively spent. An MR study published in 2012 used a SNP in the endothelial lipase gene as an instrumental variable with almost 21,000 cases and concluded "a 1 SD increase in HDL cholesterol due to genetic score was not associated with risk of myocardial infarction" (Voight et al. 2012; Harrison, Holmes, and Humphries 2012) . However they noted that and increase in LDL-C was associated with a genetic score for LDL-C. This is concordant with the fact that there are already licensed drugs which act on LDL-C (statins).
MR studies can also be used to predict drugs with good efficacy as well as to discount drugs with no causal link. For example an MR study which used a nonsense mutation in PCSK9 as an instrumental variable for LDL-C and cardiovascular heart disease lead to the development of anti PCSK9 antibodies which were recently licensed (Cohen et al. 2006; Mullard 2015b) . In a similar vein another study found that "Loss-of-function mutations in APOC3 were associated with low levels of triglycerides and a reduced risk of ischemic cardiovascular disease." and there is currently an APOC3 inhibitor in Phase II clinical trials (Jørgensen et al. 2014; Heart 2014 ).
PREDICTING SIDE EFFECTS
MR studies can also aid in determining whether a drug is likely to have undesirable on-target side effects. For example the use of statins has been associated with an increased risk of type II diabetes. MR studies using variants in the gene coding for HMG-CoA reductase which decrease LDL-C also cause increased risk of diabetes and hence this side effect is likely an on-target effect and would result from any drug which targets this protein (Swerdlow et al. 2015) .
DISCOVERY AND REPOSITIONING
MR studies can also be used to find new causal associations which has both the potential to result in new drug targets as well as the repurposing of current drugs for other conditions. Repurposing has the advantage that preclinical research and phase I clinical trials of safety have already been completed (Ashburn and Thor 2004) .
For example anti interleukin 6 antibodies (tocilizumab) have been approved for rheumatoid arthritis. However variants in the IL6 gene are also associated with coronary heart disease, suggesting that tocilizumab could be repurposed for this condition (IL6-MR-Consortium 2012).
A variant of the pheWAS methodology has recently been proposed incorporating an MR approach. Usually MR studies are hypothesis driven, which can bias the study itself and encourage publication bias, much like candidate gene studies in the pre-GWAS era. The MR-pheWAS method uses a "hypothesis free" approach in which a given exposure is tested for causality of many different outcomes using associated genetic variants (Millard et al. 2015) .
One caveat in using MR to find new drug targets is that modifying some exposures, although causal in the development of disease, will not be able to reverse the development of that disease. For example smoking intensity is causal for lung cancer but stopping smoking after cancer has developed will not remove the cancer. Furthermore not all targets found by MR approaches will be druggable (Mokry et al. 2014) .
FUTURE PERSPECTIVE
Mendelian randomisation is a promising approach which utilises the vast information uncovered from GWAS studies in order to improve both public health policies and pharmaceutical development. However, there is still some lingering uncertainty in the validity of the assumptions of the technique (Pickrell 2015) . Despite this it seems likely that new variants of the method, as well as more causal predictions which go on to be verified by RCTs, will abate these fears (Evans and Davey Smith 2015) .
